Selenium deficiency has been proven to induce calcium disorders in the chicken heart. However, detailed regulatory mechanisms, e.g., the long noncoding RNA (lncRNA)-microRNA (miRNA)-mRNA regulatory axis, have not yet been described.
INTRODUCTION
Selenium (Se) is a pivotal trace element in the body; Se is involved in various cellular processes and signaling pathways through the synthesis of selenoproteins. Se deficiency is involved in Keshan disease in humans, 1 white muscle disease and exudative diathesis in chicken, 2,3 liver necrosis and immune system disease, [4] [5] [6] and mulberry heart disease. 7, 8 The heart is one of the main targets of Se deficiency; in our previous study, we have determined that Se deficiency caused cardiomyocyte damage through activation of apoptosis 9 and necrosis. 10 Troponin (Tn) is a regulatory protein of muscle contraction located on the thin filament of contractile proteins and plays an important regulatory role in muscle contraction and relaxation. Tn is the main regulatory protein of the myocardium and is a diagnostic maker of myocardial damage more sensitive than creatine kinase-myoglobin (CK-MB). Troponin T (TNNT), Troponin I (TNNI), and Troponin C (TNNC) are different subunits and are the key factors determining the characteristic sensitivity for tension control in the myocardium. 11 Calcium (Ca 2+ ), an important second messenger in the body, participates in almost all physiological activities. Horner et al. 12 found that the Ca 2+ homeostasis is associated with metabolic diseases of the bone. The disorder of intracellular Ca 2+ concentration can trigger apoptosis through the mitochondrial pathway, 13 and intracellular Ca 2+ is related to the rate of force development in twitch contraction of the heart. 14 In our previous study, we found that Se deficiency significantly decreased the expression of TNNT2 in the chicken heart, and that Se-deficient chicken heart undergoes Ca 2+ overload in the cytoplasm. However, there are few reports about the relationship between Ca 2+ and TNNT2.
MicroRNAs (miRNAs) are approximately 20-25 nt long and are a class of noncoding single-stranded RNA molecules encoded by the endogenous genes. miRNAs participate in the modulation of silencing complex degradation or repression of the target mRNA translation through recognition of the target mRNA by base pairing. Until now, 28,645 miRNAs molecules have been found in plants, animals, and viruses. 15 Most of the miRNAs exist in the genome in the form of single copies, multiple copies, or clusters. 16 miRNAs are involved in various physiological processes as shown since the first discovery of miRNAs in 1983. Zhao et al. 17 found that miRNA-155 ortholog is encoded by the oncogenic Marek's disease virus. Serum miRNA-155 is a potential biomarker of breast cancer. 18 Insulin growth factor 1 (IGF-1) deficiency resists cardiac hypertrophy and myocardial contractile dysfunction via alleviated downregulation of miR-1 and miR-133a. 19 miR-185 plays an anti-hypertrophic role in the heart via multiple targets in the Ca 2+ -signaling pathways. 20 In our previous study, we have shown that miR-1954 induces autophagy and apoptosis in Se-deficient myocardium by targeting phosphatidylinositol 3-kinase (PI3K). 21 miR-200a-5p mediates myocardial necroptosis induced by Se deficiency by targeting RNF11. However, the mechanism of regulation of Ca 2+ homeostasis by miRNAs in chicken cardiomyocytes remains largely unknown.
Long noncoding RNAs (lncRNAs) are a class of RNA that is not translated into a polypeptide, and lncRNAs are longer than 200 nt. lncRNAs play an important role in numerous cellular processes such as dose compensation effect, epigenetic regulation, cell-cycle regulation, and cell differentiation regulation. 22 The hypothesis of competing endogenous RNAs (ceRNAs) is a new mechanism for interaction between RNAs, which includes lncRNAs, miRNAs, and mRNA. miRNAs are known to induce target gene silencing by binding to mRNA, whereas lncRNAs regulate gene expression by competitively binding to miRNAs. lncRNAs can bind miRNAs through miRNA response elements to influence miRNA-induced target gene silence. In recent years, a number of studies demonstrated that ceRNAs are involved in various diseases. Fu et al. 23 found that the lncRNA-ATB/miRNA-200a/b-catenin regulatory axis is involved in the progression of HCV-related hepatic fibrosis. LINC00520 promotes acute kidney injury development through the PI3K/AKT signaling pathway by targeting miR-27b-3p to regulate the OSMR expression level. 24 KCNQ1OT1 facilitates progression of non-smallcell lung carcinoma via modulating the miRNA-27b-3p/HSP90AA1 axis. 25 However, it is not known whether ceRNA participates in the regulation of Ca 2+ disorder induced by Se deficiency.
RESULTS

Se Deficiency Induces TNNT2 Suppression and Ca 2+ Overload in the Chicken Heart
The expression of TNNT2 in the heart tissues was shown in Figure 1A ; the results indicated that Se deficiency significantly reduced the expression of TNNT2 at the mRNA and protein levels. Our previous study has proved that Se deficiency induced heart injury via modulation of the Ca 2+ homeostasis-related genes and induced subsequent Ca 2+ overload in the heart of broilers. 26 Se-deficient cardiomyocytes were tested to validate these results. Se deficiency significantly decreased the expression of TNNT2 in cardiomyocytes at the mRNA and protein levels ( Figure 1B ). Then we examined the Ca 2+ -related pathway genes, and the results are shown in Figure 1C ; the mRNA expression levels of CANA1S, Na + /Ca 2+ exchanger (NCX), calcium-sensing receptor (CASR), calmodulin (CALM), calcium release-activated calcium channel protein 1 (Orai1), transient receptor potential cation (TRPC) 1, TRPC 3, RyR 1, RyR 2, RyR 3, and stromal interaction molecule (STIM) were significantly elevated; however, Se deficiency significantly decreased the sarcoplasmic reticulum calcium ATPase (SERCA) and plasma membrane Ca 2+ -ATPases (PMCA) expression in cardiomyocytes. A similar significant effect on the protein expression of NCX, CASR, CALM, SERCA, and PMCA was observed. The results of Ca 2+ concentration were shown in Figures 1D and 1E ; our results revealed that the concentration of Ca 2+ in the cytoplasm of Se-deficient cardiomyocytes was significantly higher than that of control cells. These results suggested that Se deficiency caused Ca 2+ overload in the chicken heart.
TNNT2 Is Involved in Maintaining the Balance of Ca 2+
To explore the role of TNNT2 in Ca 2+ homeostasis, we employed the TNNT2 knockdown model in chicken embryos. As shown in Figure 2A , we sampled the chicken embryo heart at various time points for detection of TNNT2 mRNA levels; the results revealed that the mRNA expression of TNNT2 was significantly decreased in 10-day chicken embryos. The results of assay of TNNT2 protein levels in 10-day chicken embryos indicate that the TNNT2 knockdown model was successfully established. Several classical Ca 2+ channel-related genes were detected, and data are shown in Figure 2B . TNNT2 suppression significantly increased the expression of CANA1S, NCX, CASR, CALM, Orai1, TRPC 1, TRPC 3, RyR 1, RyR 2, RyR 3, and STIM at the mRNA level, and significantly decreased the expression of SERCA and PMCA at the mRNA level. The same trend was observed in the case of the protein expression of NCX, CASR, CALM, SERCA, and PMCA.
Primary cultures of cardiomyocytes treated with Si-TNNT2 and TNNT2-pcDNA3.1 were used to verify the results. The effect of the plasmid concentration of TNNT2-pcDNA3.1 was shown in Figure 2C ; the result revealed that 1 mg/mL was the optimal concentration of the plasmid. The mRNA and protein levels of TNNT2 in the models of TNNT2 knockdown and TNNT2 overexpression were shown in Figure 2E . The results revealed that the expression of TNNT2 was significantly decreased in cardiomyocytes that were transfected with Si-TNNT2 and significantly increased in cardiomyocytes that transfected with TNNT2-pcDNA3.1 at the mRNA and protein levels, indicating that the models of TNNT2 knockdown and TNNT2 overexpression were successfully established. Ca 2+ channelrelated genes were detected, and the data are shown in Figure 2E . TNNT2 knockdown significantly increased the expression of CANA1S, NCX, CASR, CALM, Orai1, TRPC 1, TRPC 3, RyR 1, RyR 2, RyR 3, and STIM and significantly decreased the expression of SERCA and PMCA in cardiomyocytes at the mRNA levels. Similar results were obtained in the case of protein levels of NCX, CASR, CALM, SERCA, and PMCA. However, the changes observed in the 3.1+ -TNNT2 group were opposite to those in the Si-TNNT2 group. As shown in Figures 2F and 2G , the Ca 2+ concentration was significantly increased in cardiomyocytes that were transfected with Si-TNNT2. Conversely, the cytoplasmic Ca 2+ concentration of cardiomyocytes that were transfected with 3.1+ -TNNT2 was significantly reduced. These data demonstrated that TNTN2 is involved in maintaining the balance of Ca 2+ in the chicken heart.
miR-1594 Participates in the Regulation of TNNT2 Expression In Vivo and In Vitro
To investigate whether miRNAs participate in the regulation of TNNT2, we established the models of miR-1594 knockdown and overexpression in chicken embryos. The results of time selection of in vivo transfection were shown in Figures 3A and 3B; we found significant differential expression of miR-1594 in 10th day chicken Molecular Therapy: Nucleic Acids embryo, indicating that day of the chicken embryo was optimal for transfection with a mimic and an inhibitor. As shown in Figure 3C , miR-1594 overexpression in the chicken embryo significantly reduced the expression of TNNT2 at the mRNA and protein levels, but opposite results were observed in the case of miR-1594 knockdown in chicken embryos.
The models of miR-1594 knockdown and overexpression in the cardiomyocytes were used to confirm this observation in vitro. As shown in Figure 3D , different transfection concentrations of the mimic and inhibitor were used for selection of an optimal concentration. The results revealed that the optimal transfection concentration of mimic and inhibitor are 100 and 200 nM, respectively. The expression of Molecular Therapy: Nucleic Acids TNNT2 was detected, and the data are shown in Figure 3E ; the mRNA and protein expression levels of TNNT2 expression were decreased in response to the increasing level of miR-1594 and elevated in response to the decreasing levels of miR-1594 in cardiomyocytes. Then we performed a luciferase assay to explore whether miR-1594 can directly bind to TNNT2. As shown in Figures 3F-3H, we used the 3 0 UTR-mediated luciferase activity assay and found that the miR-1594 mimic markedly modulates the luciferase activity driven by TNNT2 mRNA 3 0 UTR plasmids. However, the miR-1594 mimic failed to inhibit the luciferase activity driven by the target sequences in the mutated 3 0 UTR plasmids. These data suggested that TNNT2 was a specific target of miR-1594.
miR-1594 Regulates Ca 2+ Homeostasis in the Chicken Heart miR-1594 was selected in the chicken heart based on miRNA genomics group analysis ( Figure S1A and Table S1 ). Quantitative real-time PCR was used to confirm the results of the genomics group analysis. The expression of miR-1594 was detected in Se-deficient myocardial tissue ( Figure 4A ) and Se-deficient cardiomyocytes (Figure 4B); we found that the expression of miR-1594 was substantially elevated in Se-deficient myocardium and Se-deficient cardiomyocytes. As shown in Figure 4C , overexpression of the miR-1594 in the chicken embryo significantly increased the mRNA expression of CANA1S, NCX, CASR, CALM, Orai1, TRPC 1, TRPC 3, RyR 1, RyR 2, RyR 3, and STIM, and significantly decreased the mRNA expression of SERCA and PMCA. Similar results were obtained at the protein level in the case of NCX, CASR, CALM, SERCA, and PMCA.
The cardiomyocytes that were transfected with miR-1594 mimic and inhibitor were used for verification. As shown in Figure 4D , the cardiomyocytes with miR-1594 overexpression had significantly increased expression of CANA1S, NCX, CASR, CALM, Orai1, TRPC 1, TRPC 3, RyR 1, RyR 2, RyR 3, and STIM, and significantly reduced expression of SERCA and PMCA in the mRNA levels. Similar results in the case of NCX, CASR, CALM, SERCA, and PMCA were observed in protein levels. The Ca 2+ concentration was detected by fluorescence staining and is shown in Figures 4E and 4F; we found that miR-1594 overexpression increased the cytosolic Ca 2+ concentration in cardiomyocytes; conversely, inhibition of miR-1594 reduced Ca 2+ concentration in the cytoplasm of cardiomyocytes. These findings suggest that miR-1594 participates in the regulation of Ca 2+ balance.
lnc-3215 Is Able to Directly Bind to miR-1594 and Regulate miR-1594 Activity
To explore the underlying mechanism that regulates the expression of miR-1594, we detected the expression of miR-1594 in the lnc-3215 knockdown model of chicken embryos. The results of time selection of in vivo transfection were shown in Figure 5A ; the expression of lnc-3215 was significantly decreased in 10-day chicken embryos, indicating that day 10 chicken embryo was the optimal option for transfection of Si-lnc-3215. The expression of miR-1594 was detected, and the data are shown in Figure 5B ; we found that lnc-3215 knockdown significantly increased the expression of miR-1594 in the chicken embryos.
The models of lnc-3215 knockdown and overexpression in cardiomyocytes were used to verify the associations between lnc-3215 and miR-1594. The effect of plasmid concentration of lnc-3215-pcDNA3.1 was shown in Figure 5C ; the result revealed that 1.5 mg/mL is the optimal concentration. As shown in Figure 5D , the expression of miR-1594 was upregulated in cardiomyocytes after transfection with Si-lnc-3215, and the opposite result was found in cardiomyocytes that were treated with 3.1+ -lnc-3215. Luciferase assay was performed to confirm this relationship. As shown in Figures 5E-5G, our results revealed that the miR-1594 mimic markedly modulated the luciferase activity driven by lnc-3215 plasmids. However, the miR-1594 mimic failed to inhibit the luciferase activity driven by the lnc-3215 plasmids with mutated binding sites. Based on our results, we concluded that lnc-3215 is able to directly bind to miR-1594 and regulate miR-1594 activity.
lnc-3215 Was Involved in the Regulation of Ca 2+ Homeostasis lnc-3215 was identified by screening based on the results of lncRNA genomics group analysis ( Figure S1B and Table S2 ). Then we carried out quantitative real-time PCR to detect the lnc-3215 levels in Sedeficient heart and cardiomyocytes. Our results revealed that the expression of lnc-3215 was significantly decreased in Se-deficient myocardial tissue and Se-deficient cardiomyocytes ( Figures 6A and  6B ). The key Ca 2+ channel-related genes were detected in the lnc-3215 suppression chicken embryo and shown in Figure 6C ; our results indicate that the mRNA expression of CANA1S, NCX, CASR, CALM, Orai1, TRPC 1, TRPC 3, RyR 1, RyR 2, RyR 3, and STIM was activated by lnc-3215 suppression. At the same time, lnc-3215 knockdown inhibited the mRNA expression of SERCA and PMCA. Similar results were obtained at the protein levels in the case of NCX, CASR, CALM, SERCA, and PMCA.
We used the cardiomyocytes that were transfected with Si-lnc-3215 and 3.1+ -lnc-3215 for verification. The results of assay of Ca 2+related genes were shown in Figure 6D ; the results revealed that the cardiomyocytes that transfected with Si-lnc-3215 have significantly increased mRNA expression of CANA1S, NCX, CASR, CALM, Orai1, TRPC 1, TRPC 3, RyR 1, RyR 2, RyR 3, and STIM, while having significantly reduced the mRNA expression of SERCA and PMCA. The results of protein level assay of NCX, CASR, CALM, SERCA, and PMCA were similar. The Ca 2+ concentration was detected, and Cardiomyocytes were measured by the fluorescence intensity of Fluo-4 AM (green fluorescence, 5 mM). Cardiomyocytes were visualized using fluorescence microscopy and the fluorescent microplate reader; the greener the fluorescence, the greater was the concentration of Ca 2+ . Asterisks indicate significant difference from the corresponding normal (*p < 0.05). 3.1+ -TNNT2, cardiomyocytes that transfect with pcDNA3.1+ -TNNT2; Control, normal cardiomyocytes; Control vivo , normal chicken embryo heart; SeÀ, Se-deficient cardiomyocytes; Si-TNNT2, cardiomyocytes that transfect with Si-TNNT2; Si-TNNT2 vivo , chicken embryo heart that transfected with Si-TNNT2. Figures 6E and 6F ; we found that lnc-3215 knockdown increased the cytosolic Ca 2+ concentration in cardiomyocytes, and overexpression of lnc-3215 reduces the Ca 2+ concentration in the cytoplasm of cardiomyocytes. Overall, these findings collectively suggested that lnc-3215 was involved in the regulation of Ca 2+ homeostasis.
DISCUSSION
Tn is a marker of myocardial injury and necrosis use for diagnosis of myocardial damage and is more sensitive than CK-MB. 27 Tn conformation is changed when Ca 2+ concentrations fluctuate in the cytoplasm of cardiomyocytes. Tn includes three subtypes, TNNT, TNNI, and TNNC. TNNT2 is a specific myocardial Tn. TNNT2 mutations are involved in various diseases. Hanson et al. 28 found deletion of TNNT2 lysine 210 in a family with dilated cardiomyopathy. TNNT2 mutation can be associated with a predisposition to prominent left ventricular hypertrophy. 29 The Ca 2+ channels are the molecules predominantly located in the endoplasmic reticulum (ER) and cytoplasmic membranes. Ca 2+ channels are the main tools for regulation of the balance of intracellular and extracellular Ca 2+ . Several types of Ca 2+ channels have been found in cardiomyocytes; intracellular calcium release channels include: ryanodine receptor (RyR), L-type voltage-dependent Ca 2+ channel dihydropyridine receptors (CACNA1S), inositol trisphosphate receptors (IP3Rs), STIM1, and Ca 2+ pump (SERCA). Extracellular Ca 2+ channels include PMCA, transient receptor potential channels (TRPC, calcium release activates calcium [CRAC]), plasma membrane NCX, and Orai1. Ca 2+ channels are activated upon stimulation, which indicate that Ca 2+ plays the role of the second messenger. 30 Ca 2+ -ATPase is a class of enzymes located in the cytoplasmic and the ER membranes, which include SERCA and PMCA. Ca 2+ -ATPase can transfer Ca 2+ across the membrane to the extracellular space. 31 Cytoplasmic Ca 2+ can enter the ER with the assistance of SERCA; ER Ca 2+ inflow into the cytoplasm is assisted by RyR and IP3R. 32 RyR2 is a specific Ca 2+ channel in cardiomyocytes that triggers the release and accumulation of intracellular Ca 2+ . STIM1 and Orai1 are present on the ER and cytoplasmic membranes, respectively. The amount of Orai1 on the plasma membrane is increased based on STIM1 aggregation to the ER membrane upon intracellular Ca 2+ depletion. Orai1 interacts with TRPC1 of the TRP family and finally led to the formation of functional ORCA, causing extracellular Ca 2+ influx. 33 NCX acts as a two-way ion transporter that transfers Na + into the cell and transfers Ca 2+ out of the cell, which is important for Ca 2+ excretion in the diastolic phase of cardiomyocytes. 34 The signal transduc-tion function of Ca 2+ depends on CALM, a Ca 2+ binding protein.
CALM is an activator of certain specific enzymes and undergoes structural changes when it binds Ca 2+ . CALM-Ca 2+ enzyme activation is an indispensable component in the regulation of enzyme function. 35 Mifflin et al. 36 found that transgenic mice expressing mutated TNNT2 had greater Ca 2+ sensitivity of myofilaments and higher incidence of ventricular tachycardia after isoproterenol administration. However, there are only a few reports about the direct relationship between TNNT2 and Ca 2+ . In our present study, we found that Se deficiency significantly decreased the expression of TNNT2 in cardiomyocytes. The cytoplasmic Ca 2+ concentration was significantly elevated in Se-deficient cardiomyocytes through activating the expression of CANA1S, NCX, CASR, CALM, Orai1, TRPC 1, TRPC 3, RyR 1, RyR 2, RyR 3, and STIM, and inhibiting the expression of SERCA and PMCA. Similar results were obtained in the TNNT2 knockdown chicken embryos and cardiomyocytes; the results were opposite in the cardiomyocytes that overexpress TNNT2, indicating that Se deficiency induced Ca 2+ overload in the chicken heart through inhibition of TNNT2.
miRNAs are the short noncoding RNAs that participate in various diseases and cellular activities. miRNAs can induce target mRNA degradation or translational inhibition by binding to the 3 0 UTR of the target mRNA through base complementation at the posttranscriptional level. Additional miRNA functions have been revealed in recent years; however, a few studies identified the regulation mechanism of these miRNAs in Se-deficient Ca 2+ imbalance. Zhang et al. 37 found that miRNA-367 can influence breast cancer risk and calcification by binding to the 3 0 UTR of RYR3. Suppression of miRNA-708 promotes metastases by Ca 2+ -induced cell migration. 38 miR-34c-5p mediate pain response by targeting Cav2.3 containing Ca 2+ channels. 39 In the present study, miR-1594 was selected because of its differential expression in the control and Se-deficient chicken heart based on miRNA genomics group analysis. Then we used miR-1594 knockdown and overexpression models in vivo and in vitro. Our results revealed that miR-1594 overexpression significantly decreased the expression of TNNT2, whereas the cytoplasmic Ca 2+ concentration was significantly elevated by miR-1594 overexpression. miR-1594 overexpression significantly increased the expression of CANA1S, NCX, CASR, CALM, Orai1, TRPC 1, TRPC 3, RyR 1, RyR 2, RyR 3, and STIM, and significantly decreased the expression of SERCA and PMCA. Opposite results were obtained in miR-1594 knockdown chicken embryo and cardiomyocytes, indicating that miR-1594 induced Ca 2+ overload in the chicken heart by targeting TNNT2. and PMCA were detected in the chicken embryo heart. Control vivo , normal chicken embryo heart. Bars that do not share the same letters are significantly different (p < 0.05) from each other. (D) The mRNA levels of CANA1S, NCX, CASR, CALM, Orai1, TRPC 1, TRPC 3, SERCA, PMCA, RyR 1, RyR 2, RyR 3, and STIM and the protein levels of NCX, CASR, CALM SERCA, and PMCA were detected in cardiomyocytes. (E and F) Cardiomyocytes were measured by the fluorescence intensity of Fluo-4 AM (green fluorescence, 5 mM). Cardiomyocytes were visualized using fluorescence microscopy and the fluorescent microplate reader; the greener the fluorescence, the greater was the concentration of Ca 2+ . Asterisks indicate significant difference from the corresponding control (*p < 0.05). Control, normal cardiomyocytes; Inhibitor, chicken embryo heart that transfects with miRNA-1594 inhibitor; Inhibitor vivo , chicken embryo heart that transfects with miRNA-1594 inhibitor; Mimic, cardiomyocytes that transfect with miRNA-1594 mimic; Mimic vivo , chicken embryo heart that transfects with miRNA-1594 mimic; SeÀ, Se-deficient cardiomyocytes; SeÀ vivo , Se-deficient myocardial tissue.
lncRNAs are a class of RNA that is longer than 200 bp and does not participate in protein encoding. The ceRNA hypothesis suggests that lncRNAs influence the regulation of miRNAs on target mRNAs by binding to miRNAs, thereby regulating the expression of the related target genes. The role of the lncRNA-miRNA-mRNA network in diseases such as rheumatoid arthritis, 40 pancreatic cancer, 41 and breast . Cardiomyocytes were visualized using fluorescence microscopy and the fluorescent microplate reader; the greener the fluorescence, the greater was the concentration of Ca 2+ . Asterisk indicates significant difference from the corresponding control (*p < 0.05). Control, normal cardiomyocytes; SeÀ, Se-deficient cardiomyocytes; SeÀ vivo , Se-deficient myocardial tissue; Si-lnc-3215, cardiomyocytes that transfect with Si-lnc-3215; Si-lnc-3215 vivo , chicken embryo heart that transfects with Si-lnc-3215. cancer 42 has been described. The study of lncRNA function in cardiac diseases has only just begun, although lncRNAs are involved in various diseases gradually discovered by researchers. In the present study, lnc-3215 was selected because of its differential expression in the control and Se-deficient chicken heart based on lncRNA genomics group analysis. Transcriptional levels of lnc-3215 are inhibited by Se deficiency. lnc-3215 knockdown and overexpression were performed to determine the potential adjustment mechanism of Se-deficient Ca 2+ overload. We found that lnc-3215 knockdown significantly increased the expression of miR-1594, and that lnc-3215 knockdown causes significant elevation of the cytoplasmic Ca 2+ concentration. lnc-3215 knockdown significantly increased the expression of CANA1S, NCX, CASR, CALM, Orai1, TRPC 1, TRPC 3, RyR 1, RyR 2, RyR 3, and STIM, and significantly decreased the expression of SERCA and PMCA; opposite results were obtained in the miR-1594 knockdown chicken embryos and cardiomyocytes. In addition, we found that lnc-3215 can repair miR-1594-induced TNNT2 reduction ( Figures S1C and S1D) . Thus, lnc-3215 is accessible to miR-1594, and the interaction between lnc-3215 and miR-1594 is effective.
In conclusion, we found that Se deficiency inhibited the expression of TNNT2, and TNNT2 suppression activated Ca 2+ channels that flow outward in cells and inhibited Ca 2+ channels in the cell's inward flow. miRNA-1594 can specifically bind to TNNT2 to regulate the function and activity. lnc-3215 as a competing endogenous RNA regulated TNNT2 expression by inhibiting miRNA-1594. In a word, we concluded that lnc-3215 regulates Se-deficient myocardial calcium overload by targeting miR-1594/ TNNT2.
MATERIALS AND METHODS
Treatment of Experimental Animals
All procedures used in this study were approved by the Institutional Animal Care and Use Committee of Northeast Agricultural University (SRM-11).
The Model of Se-Deficient Chicken
One hundred eighty 1-day-old chickens (Weiwei, Harbin, China) were randomly divided into two groups, Control vivo and SeÀ vivo . Treatment groups were maintained on a Se-sufficient diet (Control vivo ) containing 0.23 mg/kg Se or a Se-deficient diet (SeÀ vivo ) containing 0.033 mg/kg Se for 25 days. Composition of Se-deficient feed and a detailed process to establish the Se-deficiency model have been described by our group. 9, 43 The Models of TNNT2 Knockdown, miR-1594 Knockdown and Overexpression, and lnc-3215 Knockdown in the Chicken Embryo Ninety 0-day-old chicken embryos were randomly divided into two groups, including the Control vivo and Si-TNNT2 vivo groups. The chicken embryos in Control vivo were injected with 1 mL entransterin vivo (Engreen Biosystem, Beijing, China) in the subgerminal cavity, and the chicken embryos in the Si-TNNT2 vivo group were injected with 1 mL entranster-in vivo+Si-TNNT2 in the subgerminal cavity. The details of the concentrations of the mixture are as follows (the total volume is 200 mL):
Control vivo : 100ml10％glucose solution + 75mlfree water + 25mlentranster TM -in vivo Si-TNNT2 vivo : 100ml 10％glucose solution + 50ml50mg
Si-TNNT2 + 25mlentranster TM -in vivo + 25ml free water
The chicken embryos were incubated in a constant temperature incubator. The hearts were taken at 6, 8, and 10 days and used in subsequent experiments. The models of lnc-3215 knockdown and miR-1594 knockdown and overexpression in the chicken embryos were established in a similar manner.
Cardiomyocytes Culture and Treatment
Twelve-day-old chicken embryos were used to obtain primary cardiomyocytes. Subsequent to surface disinfection (using 75% alcohol), the chest was dissected to collect the apical portion of the pericardium (approximately one-third of the heart), which was immediately transferred to PBS (4 C) and washed to remove fat, connective tissue, and blood clots. Then the myocardial tissue was cut into small pieces and washed three times using PBS. After enzymatic digestion with collagenase II (0.1 g %) for 15 min with a constant temperature magnetic stirrer (37 C, 100 r/min) collection and centrifugation, an equal volume of DMEM/ F12 containing 10% fetal bovine serum (FBS) and 1Â mycillin was added to terminate the digestion. The pellet was redigested until the small tissue fragments are completely digested. All supernatant was collected using sequential 300 and 500 mesh filters. The cell suspension was centrifuged at 600 rpm for 5 min, resuspended twice in DMEM/F12w, and placed in disposable Petri dishes for differential adhesion (the first round of adhesion is 1 h and the second is 1.5 h). Non-adherent cells (cardiomyocytes) were collected, centrifuged at 600 rpm, counted, plated in six-well plates at 3 Â 10 5 , and incubated at 37 C, with 5% CO 2 in adherent culture box for 48 h; at this time point, cardiomyocytes attain 80% confluence. All cells were randomly divided into various groups according to the specific experimental requirements. Approximately 48 h after the transfection, the cells were harvested for analysis.
Se-deficient medium was used for the cardiomyocytes model of Se deficiency; the cells were preconditioned with DMEM/F12 medium supplemented with 1% FBS, 10 mg/mL insulin, and 5 mg/mL transferrin for 5 days. The Se-deficient medium is configured according to the method of Yan et al. 44 sequences were sense, 5 0 -GGGCAGAGCAGCAGCGCAT-3 0 , and anti-sense, 5 0 -ATGCGCTGCTGCTCTGCCC-3 0 , respectively. Cells were transfected with the Si-TNNT2 at 100 nM. The transfection reactions were performed using the RNAiMAX (Invitrogen) in Opti-MEM medium (pre-warming at 37 C) according to the manufacturer's instructions.
Cells were transfected with the recombinant plasmid of pcDNA3.1 + -TNNT2 (synthesizing in Sangon, Shanghai, China) at various concentrations. The transfection reactions were performed using the Lipofectamine 2000 reagent (Invitrogen) in Opti-MEM medium (pre-warming at 37 C) according to the manufacturer's instructions.
Transfection of the miR-1594-Mimic and miR-1594-Inhibitor in Cardiomyocytes
Synthetic, chemically modified short RNA oligonucleotides were purchased from Suzhou Ribo Life Science. The miR-1594 mimic and mimic negative control (mimic-NC) sequences were 5 0 -UGGUGGG GAUGGGUUGGGGUU-3 0 and 5 0 -ACGUGACACGUUCGGAGA ATT-3 0 , respectively. The miR-1594 inhibitor and inhibitor negative control (inhibitor-NC) sequences are 5 0 -mUmGmCmUmAmGmG mAmGmUmGmGmAmAmUmGmGmGmGmAmUmG-3 0 (m represents -Ome) and 5 0 -CAGUACUUUUGUGUAGUACAA-3 0 , respectively. Cells were transfected with the miR-1594-mimic and mimic-NC at 100 nM, and with the miR-1594-inhibitor and inhibitor-NC at 200 nM. The transfection reactions were performed using the Lipofectamine 2000 reagent (Invitrogen) in Opti-MEM medium (pre-warmed to 37 C) according to the manufacturer's instructions.
Transfection of the Si-lnc-3215 and pcDNA3.1 + -lnc-3215 in Cardiomyocytes Synthetic, chemically modified short RNA oligonucleotides were purchased from Suzhou Ribo Life Science. The Si-lnc-3215 sequences were sense, 5 0 -GTCATCATAGCACAAACAA-3 0 , and anti-sense, 5 0 -TTGTTTGTGCTATGATGAC-3 0 . Cells were transfected with the Si-lnc-3215 at 100 nM. The transfection reactions were performed using the RNAiMAX (Invitrogen) in Opti-MEM medium (prewarmed to 37 C) according to the manufacturer's instructions.
Cells were transfected with recombinant plasmid pcDNA3.1 + -lnc-3215 (synthesized by Sangon, Shanghai, China) at various concentrations. The transfection reactions were performed using the Lipofectamine 2000 reagent (Invitrogen) in Opti-MEM medium (pre-warming at 37 C) according to the manufacturer's instructions.
Preparation of the Luciferase Construct of TNNT2 3 0 UTR, lnc-3215-miR-1594 Binding Sites, and Luciferase Activity Assay
The pMIR-REPORT plasmids for the miR-1594 target TNNT2 3 0 UTR were constructed including wild-type (WT) pMIR-TNNT2 containing two tandem repeats of miR-17-5p response elements based on the TNNT2 3 0 UTR and mutant (MUT) pMIR-TNNT2. The sequences of the single-stranded oligo pairs were used to generate the pMIR-TNNT2 constructs (WT and MUT). The oligonucleotides were then annealed and inserted into the pMIR-REPORT vector (Thermo Fisher). The empty vector of pMIR-REPORT was used as the negative control. Cells were cotransfected with the plasmid constructs of pMIR-TNNT2-WT or pMIR-TNNT2-MUT and miR-mimic using Lipofectamine 2000 The preparation of luciferase constructs of lnc-3215-miR-1594 binding sites was performed in a similar manner based on the sequence of lnc-3215.
Intracellular Ca 2+ Concentration Detection
Intracellular Ca 2+ concentration was detected using a Fluo-4 AM assay kit (Beyotime Biotechnology Institute, China). The stock of Fluo-4 AM was diluted to 0.5-5 mM with PBS, culture medium was discarded from the cell samples to be tested, and the cells were washed three times using PBS (37 C preheated). After that, 1,000 mL working solution was added to six-well plates and incubated in a constant temperature incubator (37 C) for 45 min. The working solution was discarded, and PBS (37 C preheated) was used to wash the cells three times. Finally, the cells were collected for detection of the concentration of intracellular Ca 2+ using a fluorescence microscope and a fluorescence microplate reader.
Western Blot Analysis
For total protein extraction, a solution of protein lysate was subjected to 15% SDS-PAGE under the reducing conditions. The separated proteins were then transferred to nitrocellulose membrane for 2 h at 100 mA in a tank transfer apparatus containing Tris-glycine buffer and 20% methanol. The membrane was blocked with 5% skim milk for 24 h and incubated overnight with diluted primary antibodies against TNNT2 (1:1,000; Abclonal, Wuhan, China), NCX (1:1500; Santa Cruz Biotechnology, USA), CASR (1:1,000; Santa Cruz Biotechnology, USA), CALM (1:1,000; Santa Cruz Biotechnology, USA), SERCA (1:500; Proteintech, China), and PMCA (1:1,000; Proteintech, China). To verify equal loading of the samples, the membrane was incubated with a monoclonal glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (1:1,500; Santa Cruz Biotechnology, USA), followed by a horseradish peroxidase (HRP)-conjugated goat anti-mouse immunoglobulin G (IgG; 1:3,000) secondary antibody. The signal was detected with an X-ray film (TransGen Biotech, Beijing, China). The optical density (OD) of each band was determined using an Image VCD gel imaging system, and the relative abundance of the proteins was calculated and presented as the ratios of OD of each protein to that of GAPDH.
Quantitative Real-Time PCR Analysis on mRNA, miRNA, and lncRNA Levels
For the quantification of miR-1594 and mRNAs of target genes by real-time PCR, total miRNA and total RNA were isolated from the myocardial tissues and cultured cardiomyocytes. Reverse transcription was performed using the miRcute miRNA First-Strand cDNA Synthesis Kit (Tiangen Biotech, Beijing) according to the manufacturer's instructions (Roche). The primers for the detection of lnc-3215, miR-1594, and target mRNAs by real-time PCR are shown in Table 1 . GAPDH or U6 were used as an internal reference. Quantitative real-time PCR was performed using a LightCycler 480 System (Roche, Basel, Switzerland) and Fast Universal SYBR Green Master Mix (Roche, Basel, Switzerland). Only a single peak for each PCR product was present in the melting curve analysis. The relative abundance of mRNA was calculated according to the 2 ÀDDCt method, accounting for gene-specific efficiencies, and was normalized to the mean expression index as described above. The sequences of miR-1594 and lnc-3215 are provided in Table 2 .
Statistical Analysis
Statistical analyses of the data were performed using GraphPad Prism (version 5.0; GraphPad Software, San Diego, CA, USA). All data were analyzed by Student's t test or one-way ANOVA, had a normal distribution, and passed equal variance testing. Quantitative data are presented as the mean ± SD. Samples with different superscript letters represented statistically significant differences (p < 0.05).
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